Abstract There is strong evidence that mitochondrial dysfunction mediated oxidative stress results in aging and energy metabolism deficits thus playing a prime role in pathogenesis of Alzheimer's disease, neuronal death and cognitive dysfunction. Evidences accrued in empirical studies suggest the antioxidant, anticancer and anti-inflammatory activities of the phytochemical pterostilbene (PTS). PTS also exhibits favourable pharmacokinetic attributes compared to other stilbenes. Hence, in the present study, we explored the neuroprotective role of PTS in ameliorating the intracerebroventricular administered streptozotocin (STZ) induced memory decline in rats. PTS at doses of 10, 30 and 50 mg/kg, was administered orally to STZ administered Sprague-Dawley (SD) rats. The learning and memory tests, Morris water maze test and novel object recognition test were performed which revealed improved cognition on PTS treatment. Further, there was an overall improvement in brain antioxidant parameters like elevated catalase and superoxide dismutase activities, GSH levels, lowered levels of nitrites, lipid peroxides and carbonylated proteins. There was improved cholinergic transmission as evident by decreased acetylcholinesterase activities. The action of ATPases (Na ? K ? , Ca 2? and Mg 2? ) indicating the maintenance of cell membrane potential was also augmented. mRNA expression of battery of genes involved in cellular mitochondrial biogenesis and inflammation showed variations which extrapolate to hike in mitochondrial biogenesis and abated inflammation. The histological findings corroborated the effective role of PTS in countering STZ induced structural aberrations in brain.
Introduction
Alzheimer's disease (AD) is the most common form of dementia which accounts for 50-75 % over the age of 60-65 years (Duthey 2013) . The occurrence of familial Alzheimer's disease (FAD) of all dementias is 5-10 % (Chartier-Harlin et al. 1991; Sisodia et al. 1999 ) while that of sporadic Alzheimer's disease (SAD) represents 90-95 % of total cases (Meraz Ríos et al. 2013) . AD is characterized by disturbed behavioral conditions, loss of the ability to think clearly and psychological symptoms of dementia, loss of brain cells and malfunctioning of neurons (White et al. 2000; Abdalla et al. 2012) .
Two hypotheses have been postulated for AD, namely increased oxidative stress (OS) and abnormal mitotic signaling that serve as a initiator and propagator of this disease (Mariani et al. 2005) . OS is known to cause inflammation and disruption of energy homeostasis in the brain at a cellular level. Inflammation as a response of stress and injury releases inflammatory mediators like tumor necrosis factor (TNF-a), interleukin-1b (IL-1b) and interleukin-6 (IL-6) (Zhang et al. 2007 ). These mediators play a crucial role in the pathophysiology of AD, exerting deleterious effects to the progression of tissue damage and other precipitating factors. In addition, the accumulation of reactive oxygen species (ROS) results in damage to major cellular components including the nucleus, mitochondrial DNA, membranes and cytoplasmic proteins (Harman 1992) . Interestingly, role of peroxisome proliferator activated receptors (PPARs) in energy homeostasis and ROS production/scavenging is well established (Moreno and Cerù 2015) . These receptors are regulators of oxidative stress, inflammation and immune response, making them suitable targets for the treatment of chronic inflammatory diseases, diabetes, cancer and neurodegenerative disorders (Feige et al. 2006) . A recent study has indicated the role of peroxisome proliferator activated receptor-alpha (PPAR-a) in modulation of neurotransmission by participating in the synthesis of signaling molecules (peroxides, lipids, ACh) (Chakravarthy et al. 2007 ). It has been reported that PPARa regulates the gene expression of catalase (CAT), superoxide dismutase 1 (SOD1) and acyl CoA oxidase 1 (ACOX1) (Fidaleo et al. 2014) . These investigations strongly support a CNS role of PPAR-a in neuroprotection against oxidative damage, by controlling superoxide anion removal (by SOD1), and hydrogen peroxide generation (by SOD1 and ACOX1) and removal (by CAT). At the cellular level, the biogenesis or functionality of mitochondria, peroxisomes and even lysosomes are indeed regulated by PPARa and its cofactors particularly peroxisome proliferator activated receptor gamma co-activator 1 alpha (PGC1a) (Fidaleo et al. 2014; Ghosh et al. 2015) .
Streptozotocin [2-deoxy-2-(3-(methyl-3-nitrosoureido)-D-glucopyranose; STZ], a glucosamine-nitrosourea compound has been used to develop a model of late onset, SAD (Kosaraju et al. 2014 ). The cytotoxicity caused by STZ is mainly due to DNA alkylation resulting in cellular necrosis (Szkudelski 2012) . Systemic application of STZ not only damages insulin-producing pancreatic beta cells but also other organs expressing GLUT2 such as kidney and liver (Grieb 2015) . Brain is not affected directly because bloodbrain barrier (BBB) lacks this transporter protein. However, single or double intracerebroventricular (icv) STZ injection(s) in due course of time decreases cerebral glucose uptake and produces range of OS mediated deteriorating effects that resembles features of SAD (Grieb 2015) . These findings point that glucose hypometabolism is an early and persistent hallmark of SAD and that AD brains reflect features of impaired insulin signaling.
Pterostilbene is polyphenolic, non-flavonoid compound that is primarily found in blueberries and Pterocarpus marsupium. Pterostilbene (trans-3,5-dimethoxy-4-hydroxystilbene; PTS) is a naturally derived antioxidant and antiinflammatory agent (Drolet et al. 2009; Vauzour 2012) . Several studies have demonstrated pleiotropic pharmacological activities of PTS including anti-inflammatory, antioxidant, anticancer, analgesic and including inhibition of histone deacetylase-1 (HDAC1) (Joseph et al. 2008; Remsberg et al. 2008; Bhaskaran and Vishwaraman 2009; Acharya and Ghaskadbi 2013) . Pertaining to antidiabetic activity, P. marsupium extract and PTS alone have demonstrated ability to lower blood glucose levels (Manickam et al. 1997; Grover et al. 2005) . Interestingly, PTS in a study in hamsters has shown hypolipidemic property by lowering levels of low density lipoprotein (LDL) and increasing levels of high density lipoprotein (HDL) in plasma which was postulated to be through the activation of PPAR-a (Rimando et al. 2005; Pyper et al. 2010) . In yet another study PTS in mice has elicited inhibition of LPS induced nitric oxide (NO), TNF-a, IL-6 and microglia activation thus improving learning and memory (Hou et al. 2014) . It has also been proven to suppress macrophage activation induced by lipopolysaccharide (LPS), which accounts for its anti-inflammatory actions (Pan et al. 2008) . Moreover, a recent study in a model of senescence accelerated prone mouse (SAMP8) has confirmed that 2 months of dietary supplementation with PTS in mice lead to improved spatial memory in the radial arm water maze test. This provides robust evidence of the neuroprotective roles of PTS. In another study depicting OS induced signaling dysfunction PTS decreased the levels of phosphorylated c-Jun N-terminal kinases (JnK) and tau by activating PPAR-a, an upstream inducer of manganese superoxide dismutase (MnSOD) (Chang et al. 2012) . This data prompted us to assume that PTS might have a role in improving energy homeostasis and may hold promise in obesity and metabolic syndrome associated cognition impairment (Naderali et al. 2009 ). PTS has added attributes like improved oral bioavailability (80 %), making it more suitable to administer in rodents than resveratrol with poor oral bioavailability (20 %) (Kapetanovic et al. 2011) . Overall, the antioxidant and the anti-inflammatory capacity of PTS has depicted significant effects on neurological functions that may translate into clinical benefits in human subjects (McFadden 2013) .
Fibric acid derivative, fenofibrate (FF) apart from its lipid lowering property has been reported to ameliorate the global cerebral ischemia induced learning and memory deficits in rats by activating PPAR-a (Xuan et al. 2014 ). Yet another study has demonstrated that FF can lower the proinflammatory mediators and effectors like inducible nitric oxide synthase (iNOS), cycloxegenase-2 (COX2) and matrix metallopeptidase-9 (MMP9) in rats suffering from acute traumatic brain injury (TBI) (Chew et al. 2006) . This drove us to choose FF as a standard in this study as it is known that both FF and PTS induce PPAR-a and have antiinflammatory properties.
Hence, the current study was planned to explore the impact of PTS in countering STZ induced memory decline in male rats. The effect was confirmed by learning and memory tests, brain antioxidant status, cholinergic transmission, ATPases activity and determining mRNA expression of genes involved in energy homeostasis and inflammation.
Materials and methods

Chemicals
The biochemicals i.e. Pterostilbene was obtained from Nanjing Zelang Medical Technology Co., Ltd (Nanjing, China). Fenofibrate was a gift sample (IOL Chemicals and Pharmaceutical Ltd, Punjab, India). Streptozotocin, ketamine, xylazine, sodium chloride (NaCl), sodium nitrite (NaNO 2 ), sulphanilamide, bovine serum albumin (BSA), acetylthiocholine iodide, 2,4-Dinitrophenylhydrazine (DNPH), 5,5 0 -dithiobis (2-nitro-benzoic acid) (DTNB), 1,1,3,3-tetraethoxypropane (TEP), ammonium molybdate, glutathione (GSH), Tris HCl, trichloroacetic acid (TCA), 1-amino-2-naphthol-6-sulphonic acid (ANSA), N-(1-naphthyl) ethylenediamine dihydrochloride (NEDA) were purchased from S.D. Fine Chemicals Pvt. Ltd (Mumbai, India). 2-thiobabituric acid (TBA), 5,5 0 -dithiobis (2-nitrobenzoic acid) (DTNB) was obtained from Hi-media Laboratories Ltd (Mumbai, India). Adenosine triphosphate (ATP) was obtained from Sigma Aldrich Chemicals Co. (St. Louis, Missouri, USA).
PTS and FF were suspended in 1.0 % (w/v) sodium carboxy methyl cellulose (CMC) (Rubin and Rubin 2009; Ouk et al. 2014) .
Animals preparation
Male Sprague-Dawley (SD) rats were purchased from Piramal Life Sciences Ltd, Mumbai, India. All the animals were housed in polypropylene plastic cage covered with metal grids in a temperature regulated environment (24-28°C) and relative humidity (55 ± 10 %) The animals were subjected to a 12 h light-12 h dark cycle. They were maintained on a pelletized diet and water ad libitum. For the animal experimentation prior approval was obtained from 'Institutional Animal Ethics Committee', of Bombay College of Pharmacy, Mumbai. All studies were performed in accordance with 'Committee for the Purpose of Control and Supervision on Experiments on Animals' (CPCSEA) guidelines, India.
The experimental design ( Fig. 1 ) espoused induction of SAD using STZ (1.5 mg/5 ll ACSF, icv) followed by treatment with PTS (10, 30 and 50 mg/kg, po) for 13 days in male SD rats. Towards the termination of the regimen various learning and memory tests viz. novel object recognition test (NORT) and Morris water maze test (MWM) were conducted. All the rats (n = 8) of each group were subjected to learning and memory tests (MWM and NORT). Post termination, brains of two rats per group were cryopreserved at -70°C for histopathological examination while the remaining rat brains of each group were used for biochemical and gene expression studies. The biochemical estimations included catalase (CAT), superoxide dismutase (SOD), acetylcholinesterase (AChE) Fig. 1 ATPase activities, malondialdehyde (MDA), reduced glutathione (GSH), nitrite and carbonylated protein levels. The cryopreserved brains were used to estimate the mRNA expression of genes involved in inflammation, tumor necrosis factor (TNF), interleukin-6 (IL-6) and the energy homeostasis associated genes, PPAR-a and PGC1a.
In this study forty-eight male Sprague-Dawley (SD) rats were allocated into six groups.
Animal groups
1. Vehicle control: rats of this group were administered per oral (po) with 1.0 % (w/v) CMC in suitable volumes from day 1 to day 13 and artificial cerebrospinal fluid (ACSF) (5 ll, icv on day 1). 2. Positive control, STZ: rats of this group were injected with STZ (1.5 mg/5 ll ACSF, icv) on day 1 (n = 8). 3. STZ ? PTS10: rats of this group were injected with STZ (1.5 mg/5 ll ACSF, icv) on day 1 and further, treated with pterostilbene 10 (PTS, 10 mg/kg, po) from day 1 to day 13 (n = 8). 4. STZ ? PTS30: rats of this group were injected with STZ (1.5 mg/5 ll ACSF, icv) on day 1 and further, treated with pterostilbene 30 (PTS, 30 mg/kg, po) from day 1 to day 13 (n = 8). 5. STZ ? PTS50: rats of this group were injected with STZ (1.5 mg/5 ll ACSF, icv) with STZ on day 1 and further, treated with pterostilbene 50 (PTS, 50 mg/kg, po) from day 1 to day 13 (n = 8). 6. Standard fenofibrate treated group, STZ ? FF50: rats of this group were injected with STZ (1.5 mg/5 ll ACSF, icv) on day 1 and further, treated with fenofibrate 50 (FF, 50 mg/kg, po) from day 1 to day 13 (n = 8).
Stereotaxic surgery
Animals were anesthetized using a combination of ketamine (60 mg/kg, ip) and xylazine (6 mg/kg, ip) (10:1). The animals were secured in a stereotactic frame after they were deeply anesthetized. The scalp was shaved, a central incision on the scalp was made and burr hole were drilled on the either side of the skull with coordinates according to the stereotaxic atlas: -0.9 mm anterior, 1.8 mm lateral and -3.7 mm ventral from bregma (Weinstock et al. 2001; Paxinos et al. 2013) . Animals were injected; 3.7 mm dorsoventral from the skull, with streptozotocin (STZ, 1.5 mg/ 5 ll ACSF, icv on day 1) dissolved in freshly prepared artificial cerebrospinal fluid (ACSF, 147 mM NaCl, 2.9 mM KCl, 1.6 mM MgCl 2 , 1.7 mM CaCl 2 and 2.2 mM dextrose) (Sharma and Gupta 2001; Saxena et al. 2010) into lateral ventricle using a Hamilton syringe needle attached to the Harward nanomite pump. The syringe was kept in place for 2 min for the proper diffusion of STZ. Saline was applied to both eyes to prevent drying of eyes and dental cement was applied to the incision following surgery, and transferred to a thermo-regulated pad to maintain normal body temperature until recovery. As a post-operative care, Betadine Ò ointment along with Neosporin Ò powder was applied daily to the surgical area. The surgical animals were kept under observation for any abnormality.
Learning and memory paradigms
Novel object recognition test (NORT)
The apparatus consisted of an evenly illuminated soundproof box with a plexiglass box (25 cm 9 25 cm 9 25 cm) inside. The rat behavior is recorded with a video camera. The procedure includes 4 phases: pre-habituation, habituation, training, and testing. On the 1st day (day 14) from the day 1 STZ injection, animals were brought to the testing room 30 min before the experiment to familiarize with the environment. Rats were then allowed to freely explore the box in the absence of objects for 5 min. On the 2nd day (day 15), rats were habituated to the empty box for 20 min. On the 3rd day (day 16), each rat took a training trial followed by a testing trial. During the training trial, two identical objects were placed at two opposite positions within the box at same distance from the nearest corner. The rats were allowed to explore the identical objects for 10 min and then returned to their home cages. One h later, animals were placed back to the same box, where one of the two familiar objects was switched to a novel one, to start a 5 min testing phase. All objects used in this study were different in shapes and colors but identical in size. They were fixed on the floor of the box to avoid movement. To preclude the existence of olfactory cues, the entire box and objects were always thoroughly cleaned with 50 % alcohol after each trial. Ability to discriminate the novel object from familiar object was observed through the time taken to explore the objects. Object exploration time was defined as the length of time when animal directed its nose within 2 cm distance of the object, or sniffed or pawed the object. Sitting or standing on the object was not recognized as exploration. The exploration time was analyzed manually using smart video software. Recognition index (RI) in the testing phase and Location preference was calculated.
Location preference on day 17 was used as an environmental control, which should be 50 %, to rule out the influence of the location of the object. Animals with a total exploration time of less than 3 s during testing session were excluded from analysis (Carlini 2011; Zhanga et al. 2012 ).
Evaluation of spatial memory by Morris water maze test (MWM)
On the 18th day of the study, spatial learning and memory of the animals were tested in Morris water maze (Joseph et al. 2006; Li et al. 2012) . MWM was employed to assess learning and memory of the animals, wherein the animal learned to escape on to a hidden platform. A large circular pool with dimensions (150 cm in diameter, 45 cm in height, filled to a depth of 30 cm with water at 28 ± 1°C) was used. The water was made opaque with milk. The pool was divided into four equal areas (quadrant). A submerged platform (9 cm) was placed at the centre 1 cm below surface of the water during test session. The training environment was kept unaltered throughout the training period of 2 days (day 18 and 19). During the acquisition phase, each rat was subjected to four consecutive training trials on each day. The rat was gently placed in the water between the quadrants, facing the wall of the pool, with the drop location changing for each trial, and allowed 120 s to locate the platform. Then, the rat was allowed to stay on the platform for 20 s. If it failed to find the platform within 120 s, it was gently guided onto the platform and allowed to remain there for 20 s. Test session was conducted on day 20 with submerged platform and time taken to locate the platform during training and test session was measured as retention latency in seconds.
Brain tissue preparation
Post termination and isolation of the rat brains, homogenization of the whole brain tissues was performed on day 21. The tissues were homogenized in chilled 10 mM phosphate buffer saline (PBS, pH 7.4) to make 10 % homogenates. The homogenates were centrifuged at 4°C at 5500 rpm for 10 min in cooling centrifuge (Remi C-30BL). The supernatants were used for the estimation of total protein, AChE, Na ? K ? , Ca 2? and Mg 2? ATPases, catalase CAT, SOD activities, nitrite, protein carbonyl and LPO levels.
Biochemical parameters
Total proteins estimated in brain tissue homogenates
Protein content of brain samples were measured by the method of (Hartree 1972) , a modified Lowry method using Bovine serum albumin (BSA) (10-160 lg/2.5 ml) as standard.
Catalase (CAT) activity
The CAT activity was assayed by the method described previously by Aebi et al. (1975) . Briefly, the assay mixture consisted of 2.9 ml H 2 O 2 and 0.1 ml brain tissue supernatant in a total volume of 3.0 ml. The observed change in absorbance was recorded spectrophotometrically at 240 nm for 3 min against blank, prepared by addition of 2.9 ml phosphate buffer and 0.1 ml distilled water without H 2 O 2 addition. The CAT activity was expressed as lmole H 2 O 2 consumed/min/mg protein.
Superoxide dismutase (SOD) activity
The SOD activity was assayed by the method described previously by Misra and Fridovich (1972) . Briefly, the assay mixture consisted of 0.05 ml brain tissue supernatant, 0.5 ml EDTA and 2 ml carbonate buffer followed by initiation of reaction by addition of 0.5 ml of epinephrine (3 9 10 -4 mM) solution. Auto oxidation of adrenaline (epinephrine) to adrenochrome at pH 10.5 was measured by following change in absorbance at 480 nm against blank for 3 min. Results were expressed as units of SOD activity (UA)/per mg tissue protein. One unit of SOD activity induces 50 % inhibition of adrenochrome formation.
Reduced glutathione (GSH) levels
The GSH content in the brain tissue supernatant was measured by the method described previously by Jollow et al. (1974) and Peixoto et al. (2013) where in 0.5 ml of brain tissue supernatant was mixed with 0.5 ml of 4 % sulphosalicylic acid and incubated at 4°C for 1 h. Further, centrifugation was done at 3000 rpm at 4°C for 15 min. To 27 ll of supernatant obtained after centrifugation, 145 ll of 0.1 M (pH 7.4) PBS and 27 ll of 100 mM 5,5 0 -Dithiobis-(2-nitrobenzoic acid) (Ellman's reagent) was added. Absorbance was read immediately at 412 nm. GSH levels were expressed as nanomoles of DTNB conjugate formed/mg protein.
Lipid peroxidation (LPO) levels
Extent of lipid peroxidation product was analyzed as thiobarbituric acid reactive substances (TBARS) as described previously by Buege and Aust (1978) with certain adaptations. 0.1 ml of 150 mM Tris-HCl buffer, 0.1 ml of 1 mM FeSO 4 , 0.1 ml of 1.5 mM Ascorbic acid (2.642 mg in 10 ml) and 0.1 ml of brain tissue supernatant were taken in a glass tube. Further, the volume was made up to 1 ml with water and the reaction mixture was incubated at 37°C for 15-20 min. After cooling to room temperature, 1 ml of 10 % trichloroacetic acid (TCA) and 2 ml of 0.375 % w/w thiobarbituric acid (TBA) was added and again the reaction mixture was subjected to incubation at 37°C for 15 min. On further cooling the incubated mixture was centrifuged at 3000 rpm for 10 min, absorbance of the supernatant was read at 532 nm. TBARS was expressed as malondialdehyde (MDA) equivalents, lmoles of MDA/mg protein.
Acetylcholinesterase (AChE) activity
The AChE activity was assayed by the method described previously by Ellman et al. (1961) . Briefly, the assay mixture consisted of 0.4 ml of brain tissue supernatant, 2.6 ml of phosphate buffer (pH 7.5, 0.1 M), 100 ll of DTNB reagent and 20 ll of acetylthiocholine. The change in absorbance was measured at 412 nm for 3 min. The AChE activity was expressed as lmol of thiocholine hydrolysed/min/mg brain tissue.
Nitrite levels
Nitrite was estimated by the method of (Green et al. 1982; Rai et al. 2014) using Griess reagent, which served as indicator of nitric oxide production. Equal volumes of brain tissue supernatant (500 ll) and Griess reagent (500 ll) were mixed. The mixture was further, incubated for 10 min at 37°C and the absorbance was read spectrophotometrically at 540 nm. Nitrite levels were expressed as lg of nitrite/mg protein.
Protein carbonylation levels
Carbonylated protein was estimated by the method of (Castegna et al. 2003; Dalle-Donne et al. 2006; Yan 2009 ).
The assay mixture consisted of 200 ll of DNPH solution and 1 ml of brain tissue supernatant. This mixture was incubated for 60 min at room temperature. Further the mixture was treated with 1.2 ml of 20 % TCA solution with incubation on ice for 10 min. The ice cold mixture was centrifuged for 10 min at 6000 rpm at room temperature. The pellet formed by centrifugation was washed by adding 3 ml 1:1 (v/v) ethanol: ethyl acetate mixture, followed by centrifugation for 10 min at 6000 rpm, room temperature. The washed pellet was sonicated at room temperature in a sonicator until the pellet was completely broken up. The washing step was repeated twice. The final pellet was then dissolved in 1 ml 0.2 % (w/v) SDS/20 mM TrisÁCl, pH 6.8. After the pellet was completely dissolved, 100 ll of the protein solution was pipetted and carbonylated protein was measured spectrophotometrically at 276 and 370 nm. The peak absorbance around 360 nm was calculated for the carbonyl content. Protein samples treated with 200 ll of 2 M HCl without DNPH were used as blanks following the same conditions. Carbonylated protein was expressed as nmol of carbonyl formed/mg protein. The extinction coefficient (e) for DNPH is 22,000 M -1 cm -1 . BSA was used as a protein standard. The carbonylated protein was expressed as nmol carbonyl formed/mg protein.
ATPases activity
Inorganic phosphorus (Pi)
Inorganic phosphorus was estimated by the method of (Fiske and Subbarow 1925) . 5 ml of distilled water was added to 1 ml of brain tissue supernatant. Further, 1 ml of 2.5 % ammonium molybdate reagent and 0.5 ml of ANSA reagent was added. The colour developed after 20 min was read against blank containing water instead of sample at 620 nm. A standard graph was plotted taking different concentrations of standard phosphorus 16-80 lg. The values were expressed as lmol of inorganic phosphorus liberated/mg protein/min.
The assay mixture consisted of 1 ml of tris hydrochloride and 2 ml of each magnesium sulphate, sodium chloride, potassium chloride, EDTA and ATP in a test tube containing previously added 0.2 ml of brain tissue supernatant. This mixture was subjected to incubation (37°C for 15 min). The incubated reaction mixture was arrested by addition of 1 ml of 10 % TCA. Further the mixture was mixed well and centrifuged at room temperature. The phosphorus content was estimated by determination of inorganic phosphorus (Pi) liberated (Kuijpers and Bonting 1970; Streck et al. 2001 ). The enzyme activity was expressed as lmol of inorganic phosphorus liberated/mg protein/min.
Ca 21 ATPase
The assay mixture consisted of 0.1 ml each of tris HCl buffer, calcium chloride and ATP in a test tube containing previously added 0.1 ml brain tissue supernatant. This mixture was subjected to incubation (37°C for 15 min). The incubated reaction mixture was arrested by addition of 1 ml of 10 % TCA. Further the mixture was mixed well and centrifuged at room temperature. The phosphorus content was estimated by determination of inorganic phosphorus (Pi) liberated. The enzyme activity was expressed as lmol of inorganic phosphorus liberated/mg protein/min (Hjertén and Pan 1983) .
Mg 21 ATPase
The assay mixture consisted of 0.1 ml each of tris HCl buffer, magnesium chloride and ATP was added to the test tube containing previously added 0.1 ml brain tissue supernatant. This mixture was subjected to incubation (37°C for 15 min). The incubated reaction mixture was arrested by addition of 1 ml of 10 % TCA. Further the mixture was mixed well and centrifuged at room temperature. The phosphorus content was estimated by determination of inorganic phosphorus (Pi) liberated (Ohnishi et al. 1982) . The enzyme activity was expressed as lmol of inorganic phosphorus liberated/mg protein/min.
Determination of expression of genes involved in mitochondrial biogenesis and inflammation
RNA was isolated by using a RNA isolation kit (Promega, SV Total RNA Isolation System Ò ) from brain tissue (hippocampus) and the gene expressions of TNF-a, IL-6, PPAR-a, PGC-1a and 18S were estimated by using Real Time PCR method. Brain samples stored in liquid nitrogen at -70°C were used for tissue processing. The samples were homogenized in RNA lysis buffer (RLA). Concentration of RNA was determined spectrophotometrically using gene quanta and purity of the RNA was determined by A260/A280 ratio. RNA was reverse transcribed using reverse transcriptase (Go Script TM RT mix for one step RTqPCR) in a 25 ll mixture containing Go Taq Ò qPCR master mix 19, Reference dye (CXR) 0.5 lM and Sample (RNA) (550 fg-100 ng) 114 lg. The resultant cDNA was amplified separately with specific primer for PGC-1a, PPAR-a, 18S, TNF-a and IL-6 using Go Taq Ò Probe 1-Step RT-qPCR System (Promega, USA). The gene expression analysis was performed by the comparative threshold cycle (Ct) method. The amplification of the 18S sequence was performed in parallel and was used to normalize the values obtained for the target genes.
Specific primers were synthesized commercially (Integrated DNA Technologies, Leuven Belgium) and the sequences are listed in Table 1 .
Histopathological examination
The rat brain tissues were collected. After collection, the brains were immediately preserved in 10 % neutral buffered formalin. The specimens were processed by routine method which included dehydration with increasing grades of alcohol i.e. 70, 80, 90 % and clearing with xylene embedding in paraffin. Thereafter the processed tissue were sectioned (at 5 lm) and taken on clean glass slides and stained with hematoxylin and eosin (H&E) and observed under microscopes at different magnifications.
Statistical analysis
Statistical analysis was performed with GraphPad Prism 6 software. Studies involving two variables were analyzed by Two-way analysis of variance (ANOVA) with time and treatment as variables followed by post hoc Bonferroni test. One-way analysis of variance (ANOVA) followed by post hoc Bonferroni test was performed to compare groups in Novel Object Recognition Test (NORT), brain biochemical parameters and gene expression data. Results were reported as mean ± standard error of mean (SEM). p value \0.05 was considered statistically significant.
Results
Learning and memory paradigms
Effect of PTS and FF administration on memory performance in NORT There was significant difference between the performance of rats who received different treatment doses of PGC-1a peroxisome proliferator-activated receptor-gamma co-activator 1 alpha, PPAR-a peroxisome proliferator-activated receptor alpha, TNFa tumor necrosis factor alpha, IL-6 interleukin 6, 18S reliable normalization gene 
Brain biochemical parameters
Effect of PTS and FF on brain CAT and SOD activities, GSH and MDA levels Figure 4a -d represents the brain activities of CAT, SOD and GSH, MDA levels. STZ administration induced significant (*p \ 0.05) drop in brain CAT, SOD and GSH levels while leading to rise in MDA levels after day 1 instillation. These aberrations were significantly ( # p \ 0.05) countered by PTS (10, 30 and 50 mg/kg). Also, The standard FF (50 mg/kg) also significantly ( # p \ 0.05) reversed the adverse impact of STZ.
Effect of PTS and FF on brain AChE activity, nitrite and carbonylated protein levels Effect of PTS and FF on brain mRNA expression of the genes TNF-a, IL-6, PPAR-a and PGC1-a Figure 7a -d represents the mRNA expression of the genes TNF-a, IL-6, PPAR-a and PGC1-a in brain tissue of the rat. Statistical analysis showed that mRNA expression of TNF-a and IL-6 was increased as indicated by fold change when compared to control expressions. While the mRNA expression of PPAR-a and PGC1-a was decreased significantly (*p \ 0.05) in the brains of positive control rats when compared to the vehicle control. Treatment with PTS (10, 30 and 50 mg/kg) showed dose dependent significant ( # p \ 0.05) decrease in mRNA expression of TNF-a, IL-6 and increase in mRNA expression of PPAR-a and PGC1-a as compared to positive control. Also, FF administration significantly ( # p \ 0.05) decreased the mRNA expression of TNF-a, IL-6 and increased mRNA expression of PPARa and PGC1-a as compared to positive control.
Histopathological examination
Representative hippocampal sections Fig. 8(2a, b) shows the damage inflicted by icv-STZ. It depicts distinct shrinkage of neurons (degenerated) with disturbed neuronal layer and vacuolation (degeneration of parenchymatous neurons) in CA3 region of hippocampus, shown with blue and red arrow respectively. Also, the presence of necrotic neurons (clustered) shown in yellow arrow was prominent. The representative hippocampal sections Fig. 8(3a, b; 4a, b; 5a, b; 6a, b) from rats treated with PTS (10, 30 and 50) and FF (50 mg/kg) respectively, shows myelinated and dense neurons. This indicates the PTS and FF prevented the detrimental pathological changes inflicted by STZ in the hippocampal region which is crucial for learning and memory. 
Discussion
AD is a typical form of dementia characterized by memory impairment as a consequence of cholinergic neuronal degeneration in hippocampus (Saxena et al. 2011 ). There are preclinical as well as clinical evidences to indicate ACh as a major neurotransmitter responsible for memory function (Siddiqui and Levey 1999; Amenta et al. 2002; Jones 2003) . Interestingly, mitochondrial abnormality progression is also, a major causative factor of AD (Prasad et al. 2002; Moreira et al. 2009 Moreira et al. , 2010 . Recent molecular, cellular and gene expression studies in post mortem brain neurons from AD patients have revealed that mitochondrial ROS generation lead to oxidative damage (Castellani et al. 2002; Reddy 2006) . Oxidative stress due to ROS generation in mitochondria has been suggested as a major factor of neuronal degeneration in AD. Investigators are focusing on target regulators of oxidative stress and inflammation, especially PPARs. PPARs are known to play a major role in energy homeostasis and ROS production/scavenging (Moreno and Cerù 2015) . However, studies to understand the exact cause of AD, and progressive memory deterioration are still lacking. Therefore, the present investigation was undertaken to explore the antioxidant and antinflammatory effect of PTS on memory paradigms, biochemical markers of oxidative stress and activities of ATPases in rats after inducing brain aberrations with STZ. Although, there are several experimental models in rodents for dementia and associated disorders of neurodegeneration STZ induced dementia model in rats is commonly used in preclinical studies. Central or icv STZ causes neuronal damage in the brain by producing free radicals, thereby inducing the state of oxidative stress, impairment of glucose utilization and demyelination (Saxena et al. 2007 (Saxena et al. , 2008 (Saxena et al. , 2010 . In the present study STZ administration resulted in significant memory deficit as mirrored in the learning and memory tests performed namely, MWM and NORT. MWM test is used to test spatial memory by measuring retention latency in the terms of time to reach a hidden platform. Decrease in retention latency time in repeated trials demonstrates intact learning and memory function. Positive control rats showed increase in retention latency indicating cognitive impairment (Lannert and Hoyer 1998; Awasthi et al. 2010) . Administration of ACSF (icv) in vehicle control group did not hinder the learning and memory status thus ruling out the possibility of interference of drug vehicle. Both PTS and FF treatment significantly prevented the memory decline indicated by the decrease in retention latency as observed in MWM.
NORT is based on the behavior of rodents to explore novelty and is a pure working memory test. It is used to test working memory by measuring the RI in terms of time taken to explore familiar and novel object. This test does not involve learning rule or reinforcement, and is thought to reflect working memory and visual memory in humans (Karasawa et al. 2008) . Hence, by employing this test, the ability to discriminate between familiar and novel object can be observed. Ability to discriminate represents intact learning and memory function. Increase in RI in NORT demonstrates proper learning and memory function (Karasawa et al. 2008; Taglialatela et al. 2009; Greco et al. 2010; Zhanga et al. 2012) . Positive control rats showed fall in RI while treatment with PTS and FF lead to increase in RI.
STZ-induced cholinergic dysfunction is attributed to oxidative stress and reduced brain cellular ATP levels (Lester-Coll et al. 2006) . It has been reported that STZinduced impairment of insulin function and increased oxidative stress were associated with increased expression of AChE in the rat brain (Pathan et al. 2006) . In the present study, we found a significant increase in AChE activity in STZ inflicted brains, indicating alterations in cholinergic neurotransmissions as demonstrated in previous studies (Schmatz et al. 2009; Tota et al. 2011) , suggesting an involvement of cholinergic hypofunction due to STZ (Tota et al. 2011 ). The present investigation revealed increased AChE activity in the positive control rats, which was ameliorated on PTS treatment. The brain AChE activities were significantly decreased in PTS and FF treated groups indicating improved availability of ACh at the synaptic cleft for proper cholinergic neurotransmission.
Several studies have postulated, oxidative stress as a key player in pathogenesis of neurodegenerative disorder like AD (Geula 1998; Zeevalk et al. 1998) . Some other precipitating players hindering the brain functions are the carbonylated proteins. Proteins are major targets of oxidative modification by ROS (Yan 2009 ) resulting in its carbonylation. Oxidative damage often leads to a loss of protein function, which is considered a widespread indicator of disease-derived from protein dysfunction (DalleDonne et al. 2006 ). There was increase in carbonylated protein levels in icv STZ treated rats. This increase was stalled with PTS and FF treatments.
GSH, an important antioxidant that is involved in cellular detoxification of free radicals while, MDA is a biochemical marker of lipid peroxidation. Generation of free radicals is a major cause of STZ induced neurotoxicity. In the present study, decrease in GSH and increase in MDA level on STZ administration indicates increased production of free radicals. It is known that STZ induced ROS like nitrites, hydrogen peroxides cause neuronal degeneration (Saxena et al. 2010) . Treatment with PTS and FF significantly increased GSH, decreased MDA and decreased nitrosative stress indicated by fall in nitrite production. Thus, PTS and FF treatment helped to overcome the icv STZ induced oxidative stress in brain. Additionally, it has been indicated that dysfunction of brain ATPases activities affects Na ? , K ? , Ca 2? and Mg 2? ions homeostasis and modulation of signal transduction (Pinsky et al. 2006 ). In the current study, activities of brain ATPases were significantly decreased after STZ administration. This adverse impact was prominently ameliorated with PTS and FF treatment, indicating their neuroprotective property. Yet, another critical factor associated with AD is mitochondrial dysfunction (Castellani et al. 2002) . Impaired brain energy metabolism causes a decrease in acetylcholine (ACh) synthesis because of reduced availability of acetyl coenzyme A (Gibson and Blass 1976) . A previous study has reported a significant reduction in brain ATP levels in STZ-injected rats and mice, indicating impairment of brain energy metabolism (Tota et al. 2011) .
In this study mitochondrial biogenesis was adversely impacted on icv STZ instillation. Moreover, the mRNA expression of TNF-a and IL-6 was decreased while the mRNA expressions of PPAR-a and PGC1a was increased in PTS and FF treated groups showing there antioxidant and anti-inflammatory activity. This confounds that pterostilbene acts by increasing the expression of PPAR-a (Rimando et al. 2005; Chang et al. 2012 ). Brain hippocampus is known to play a major role in cognition (Farovik et al. 2010 ) histopathological evaluation of brain hippocampus corroborates the efficacy of pterostilbene by maintaining the non-pathologic brain morphology. Interestingly, the benefits of PTS on icv STZ induced memory decline is to that of Clitoria ternatea, Rutin and Curcumin as reported in earlier studies (Ishrat et al. 2009; Javed et al. 2012; Ahmed et al. 2013; Mehla et al. 2013 ).
The present study provides preclinical evidence on the antioxidant, anti-inflammatory action of PTS in a preclinical model of STZ induced memory decline. PTS administration abated memory decline and the effect was comparable with that of fenofibrate.
Conclusion
The present preclinical study has revealed a new dimension to the potential use of pterostilbene in treating memory decline associated with stressors simulating sporadic AD. The effect was mediated by its antioxidant effect in the brain which was further assisted by inhibition of AChE activity. The investigations also threw light on the impact of pterostilbene on decreasing gene expression of inflammatory mediators and improving expression of genes associated with cellular energy homeostasis. The effect was comparable to that of fenofibrate, an anti hyperlipidemic drug with proven nootropic activity.
